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We study a vector dominance model which predicts a fairly large number of currently interesting 
decay amplitudes of the types S — * 77, V — * S'y and S — > Vf, where S and V denote scalar and 
vector mesons, in terms of three parameters. As an application, the model makes it easy to study 
in detail a recent proposal to boost the ratio T((j> — > foj)/F(4> — > ao7) by including the isospin 
violating ag-fo mixing. However we find that this effect is actually small in our model. 



There is increasing interest in a possible nonet of light 
scalar mesons (all of mass < 1 GeV) . In addition to the 
well established /o(980) and ao(980) evidence of both 
experimental and theoretical nature for a very broad 
a (~ 560) and a very broad k (~ 900) has been pre- 
sented 0]. The latter two resonances are difficult to 
identify cleanly because they appear to be of non Brcit- 
Wigner type, signaling strong interference with the non- 
resonant background. 

Such a nonet would most likely represent meson states 
more complicated than quark-anti quark type and hence 
would be of great importance for a full understanding of 
QCD in its non-perturbative low energy regime. 

Clearly it is important to study the properties of the 
/o(980) and do (980) from the point of view of how they fit 
into a putative nonet family. In particular, the reactions 
4> ~* fol and <f> — ► 007 have recently been observed Q| 
with good accuracy and are considered as useful probes of 
scalar properties. The theoretical analysis was initiated 
by Achasov and Ivanchenko Q and followed up by many 
others j| . The models employed are essentially variants 
of the single K meson loop diagram to which a 0-type 
vector meson, a photon and two pseudoscalars or a scalar 
are attached. 

In the present note we introduce a complementary ap- 
proach which emphasizes the "family" or symmetry as- 
pects of the analysis. This enables us to study the corre- 
lations among a fairly large number of related radiative 
amplitudes in terms of a few parameters, without mak- 
ing a commitment to a particular quark structure for the 
scalars. 

Our framework is that of a standard non-linear chiral 
Lagrangian containing, in addition to the pseudoscalar 
nonet matrix field <f>, the vector meson nonet matrix 
p M and a scalar nonet matrix field denoted N . Under 
chiral unitary transformations of the three light quarks; 
?l,r ~ > C4,r • ?l,r, the chiral matrix U = exp(2z0/F 7r ), 
where ~ 0.131 GeV, transforms as U — > C/l • U ■ III 
The convenient matrix K(Ul, C/r, 4>) || is defined 



the following transformation property of £ (U = £ 2 ): 



K ■ £ ■ J7 R , and specifies the trans- 
The fields we 



£ - U L ■ £ • 

formations of "constituent-type" objects, 
need transform as 

N -> K -N -K ] , 

Pll -» K ■ Pil ■ K + + l -K ■ 8^ , 
g 

F^vip) = d^Pv - <9„/9 M - ig [p M , p v \ -> K ■ F^ v ■ K\\) 

where the coupling constant g is about 4.04. One may re- 
fer to Ref . H for our treatment of the pseudoscalar- vector 
Lagrangian and to Ref. (7| for the scalar addition. The 
entire Lagrangian is chiral invariant (modulo the quark 
mass term induced symmetry breaking pieces) and, when 
electromagnetism is added, gauge invariant. 

It should be remarked that the effect of adding vectors 
to the chiral Lagrangian of pseudoscalars only is to re- 
place the photon coupling to the charged pseudoscalars 
as. 



ieAft Tr [Qfid^cf) 



Tr 



(2) 
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by 



where is the photon field, Q — diag(2/3, — 1/3, — 1/3) 

and k = (jp^ with m v ~ 0.76 GeV. The ellipses 
stand for symmetry breaking corrections. We see that 
in this model, Sakurai's vector meson dominance || sim- 
ply amounts to the statement that k = 2 (the KSRF 
relation ||). This is a reasonable numerical approxima- 
tion which is essentially stable to the addition of symme- 
try breakers [l^] and we employ it here by neglecting 
the last term in Eq. (||). Although vector meson dom- 
inance must be somewhat modified in cases where the 
axial anomaly plays a role pd| , it generally works quite 
well for processes such as those we study here. 
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The new feature of the present work is the inclusion of 
strong trilinear scalar- vector- vector terms in the effective 
Lagrangian: 

Csvv = P A e abc e a ' h ' c ' [F^(p)] a a> [F^(p)] h b , A c c , 
+ f3 B Ti[N]Tr[F tw (p)F^(p)] 
+ (3 c Tv[NF^(p)]Tr[F^(p)] 
+ pDTr[N]Tr[F flu (p)]Tr[F fiU (p)} . (3) 

Chiral invariance is evident from (|l|) and the four flavor- 
invariants are needed for generality. (A term ~ Tr(FFN) 
is linearly dependent on the four shown). Actually the 
Pd term will not contribute in our model so there are only 
three relevant parameters (3a, (3b and Pc- Equation (]|) 
is analogous to the PVV interaction which was originally 
introduced as a irpui coupling a long time ago fl2"|] . It is 
intended to be a leading point-like [El| description of the 
production mechanism. With (Q) one can now compute 
the amplitudes for S — > 77 and V — ► S7 according to the 
diagrams of Fig. [3. 




Y(k,.e.) 



V(p, t) plio.^j ylk.E) 



Similarly, the decay matrix element for V — > is 
written as (e/g)C v x [p ■ key ■ e — p ■ ek ■ ty]. It is related 
to the width by 



fJ 



(7) 



where k v — (my — m%) / (2rov) is the photon momentum 
in the V rest frame. For the energetically allowed V — > 
S7 processes we have 



/nr/o 



2V2 



/3 A c - (V2c + s) 



-^(3c(c-V2s 



I3as - ^Pb (c - \/2s) 



■l A7 ( C+ ^ a 



2&0 , 
z+ V2s 



2\/2 



Pb (c 



- V2t 



--I3 C (V2c + s 
-2V2(3 A c + 2V2(3 E 



V2i 



(8) 



lb) 



FIG. 1: Feynman diagrams for (a) S — » 77 and (b) V — > 57. 

The decay matrix element for S* — > 77 is written 
as (e 2 /g 2 )A s x (k\ ■ k 2 ei • £2 — fci • £2 &2 ■ ei) where e M 
stands for the photon polarization vector. It is related to 
the width by 



Y(S -> 77) = a 2 ^m% 



X s 



TP- 



(4) 



and As takes on the specific forms: 

A ff = ip A (V2s - 4c) + ^(3 B (c - V2s) 

-~p A (V2c + 4s) + (y/2c + s 
4V2 



X fo - 

X„„ — 



-Pi 



(5) 



Here a = e 2 /(47r), s = sin #5 and c = cos (9 5 where the 
scalar mixing angle, 9s is defined from 



Ni 



c J \(Nl + Nl)/V2 



(6) 



Furthermore ideal mixing for the vectors, with p° = (p\ — 
p\)/\/2, oj — (p\ + p|)/V2, t/> = p\, was assumed for 
simplicity. 



In addition, the same model predicts amplitudes for 
the energetically allowed S — > Vj processes: /o — > ojj, 
fa — > p°7, af) u>J, a® — > p°7 and, if «° is sufficiently 
heavy k° — > A*°7. The corresponding width is 



a \ kg\ 
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where kY 



d% = 



< 



(m| - 

2 „ 
3^ 



I/7) 

m v )/(2ms) and 

2c + V2.s) + ^p B (2c + V2i 



(9) 



2 
3 



+-/3c(c-V2s 

+ 2p B ( 2c 



V2i 



K, = 2P C , 
4 

3^ 



D p 

a 



-3^ 



(10) 



All the different decay amplitudes are described by the 
parameters Pa, Pb and Pc- The reason Pd does not ap- 
pear at all and Pc does not appear for 5* —> 77 is that, 
noting Eq. (||), the Tr(F M „) factor is seen to give zero 
when coupled to an external photon line. Because the 
a and k are so broad, the simple two body final state 
approximation in decays like oj, <f> — > (77 — > 7r°7r°7 is not 



3 



accurate. It is better to consider these decays as having 
three body final states with the terms in Eq. (||) giving 
the vertices and to take into account large width correc- 
tions in the scalar propagators as well as non resonant 
background. 

These formulas can be used for different choices of 
the quark structure of the scalar nonet N% (e.g. the 
usual q a q h scenario or the "dual" scenario Q a Q b where where D a (m 2 ) 



and by the ao propagator. The (j> — ► et[]7 amplitude has a 
similar correction. In terms of the amplitudes in Eq.(|^) 
the desired ratio is then, 



ampjcb -» fry) = C i + A af CyD a [m)) 
a mp(0 -> a{j 7 ) C % + A af C f J D f {ml) 



(11) 



^ ^abc q b q c ). The characteristic mixing angle Q s is 
expected to differ, depending on the scheme. In the 
literature, besides conventional qq models, qqqq mod- 
els meson-meson "molecule" models |H] and uni- 
tarized meson-meson |l6| models have been investigated. 
Recently models featuring mixing between a qqqq nonet 
and a heavier qq nonet have been proposed [|l7]; in this 
case two sets of interactions like Eq. (||) should be in- 
cluded. 

Now we shall illustrate the procedure for the model of 
a single putative scalar nonet Q with a mixing angle, 
9s — —20° (characteristic of qqqq type scalars). 

The parameters Pa and Pb may be estimated from the 
S — > 77 processes. Substituting r cxp (ao — > 77) = (0.28± 
0.09) keV (obtained using |U B(a a -> KK)/B(a Q -> 
?77r) = 0.177 ± 0.024) into Eqs. @) and @ yields 
/3a = (0.72 ± 0.12) GeV (assumed positive in sign). Of 
course, this value is independent of the value of 0$. 
Then, r cxp (/ -> 77) = 0.39 ± 0.13 keV yields either 
Pb = (0.61±0.10) GeV" 1 or B = (-0.62±0.10) GeV" 1 . 
In turn we formally predict T(a — > 77) to be either 
(0.024 ± 0.023) keV or (0.38 ± 0.09) keV respectively. 

Next consider the <j> radiative decays. Assuming <fi — * 



-wif + m 2 — im a r a and Df(m 2 ) 



cxpV 



ao7) = 



r]ir° 7 is dominated by 4> 
(0.47 ± 0.07) keV and Eq. flg) determines /3 C as either 
(7.7±0.5)GeV _1 or (-4.8 ± 0.5) GeV" 1 . Note that \/3 A \ 
and I Pb | are almost an order of magnitude smaller than 
\Pc\- Thus, the radiative decay rates are mainly deter- 
mined by I Pc |- Knowing Pa, Pb and Pc we can predict 
T(4> — > /07) using Eq. (||). There are four possibilities 
due to the two possibilities each for Pb and Pc- The 
largest number, T(4> — > /07) = (0.21 ± 0.03) keV corre- 
sponds II to the choice p B = (-0.62 ±0.10) GeV -1 and 
Pc = (7.7±0.5)GeV -1 . 

Unfortunately this is still considerably smaller than the 
listed value ||: T cxp (0 -► / o7 ) = (1.51 ± 0.41) keV |§. 
Recently Close and Kirk plj proposed that the ratio 
T(<f) — > /o7)/r(0 — > a -f) could be boosted by consid- 
ering the effects of the isospin violating aQ(980)-/o(980) 
mixing. We will now see that these effects are small in 
our model. One may simply introduce the mixing by a 
term in the effective Lagrangian: C a f = ^a/flo/o- A 
recent calculation [p2| for the purpose of finding the ef- 
fect of the scalar mesons in the 77 — ^ 37r process obtained 
the value A a f — —4.66 x 10~ 3 GeV 2 . It is convenient to 
treat this term as a perturbation. Then the amplitude 
for 4> — > /o7 includes a correction term consisting of the 
<f) — > (Zq7 amplitude given in Eq. (H) multiplied by A a f 



— 771 J, + rrij — irrifTf. In this approach the propagators 
are diagonal in the isospin basis. The numerical values of 
these resonance widths and masses are, according to the 
Review of Particle Physics |L9j m ao = (984.7 ± 1.3) MeV, 
r Q0 = 50-100 MeV, m fa = 980 ± 10 MeV and T /o = 40- 
100 McV. For definiteness, from column 1 of Table II in 
Ref. H we take m fo = 987 MeV and r /o = 65 MeV 
while in Eq. (4.2) of Ref. @ we take r oo = 70 MeV. 
In fact the main conclusion does not depend on these 
precise values. It is easy to see that the mixing factors 
are approximately given by 



.4 



af 



A 



af 



iA 



Da(mj) D f (m 2 a ) m a 



-0.07L 



(12) 



Noting that C^/C^ « 0.75 in the present model, the 



ratio in Eq.(jll|) is roughly (0.75 - 0.07i)/(l - 0.05£). 
Clearly, the correction to T(<j) —> foj)/T((p — > a j) 
due to ao-/g mixing only amounts to a few per cent, 
nowhere near the huge effect suggested in |plf . It may 
be remarked that Eq. (|ll|) is practically accurate to all 
orders in A a f, corresponding to iterating any number 
of CJ0-/0 transitions. Then, after summing a geomet- 
ric series, the numerator picks up a correction factor 
[1 — A 2 J (D a (m'j)Df(m'j))]~ 1 and the denominator, the 
similar factor [1 - A\J{D a {m 2 a )Df{m 2 a ))]~ l . 

Vector meson dominance, together with the assump- 
tions of SU(3) flavor symmetry and a single nonet of 
scalar mesons makes many more predictions. These are 
listed in Table I for two of the allowed (Pa,Pb,Pc) pa- 
rameter sets, neglecting dcr/o mixing. It will be inter- 
esting to see if future experiments confirm the pattern of 
predicted widths. 

We have given a leading order correlation of many ra- 
diative decays involving scalars, based on flavor symme- 
try and vector meson dominance. Clearly further im- 
provements can be made. Elsewhere, we will study flavor 
symmetry breaking effects, higher drivative interaction 
terms, treatment of the Sj final states as PPj, and the 
case of mixed qq and qqqq scalar nonets. 

We are happy to thank N. N. Achasov for a sug- 
gested correction to the first version of this note and 
with A. Abdel-Rahiem and A. H. Fariborz for very help- 
ful discussions. D.B. wishes to acknowledge support from 
the Thomas Jefferson National Accelerator Facility oper- 
ated by the Southeastern Universities Research Associ- 
ation (SURA) under DOE contract number DE-AC05- 
84ER40150. The work of M.H. is supported in part by 
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Pa 




0.72 ±0.12 


0.72 ±0.12 


Pb 




0.61 ±0.10 


-0.62 ±0.10 


Pc 




7.7 ±0.52 


7.7 ±0.52 


fo / «o ratio 


0.26 ±0.06 


0.46 ± 0.09 


I> 


77) 


0.024 ± 0.023 


0.38 ±0.09 


r(<^ 


-»• CT7) 


137 ± 19 


33 ±9 


r(w 


-> 0-7) 


16 ±3 


33 ±4 




0.23 ± 0.47 


17 ±4 


r(/ 


-» ary) 


126 ± 20 


88 ± 17 


r(/ 


-» P7) 


19 ±5 


3.3 ±2.0 


r(a 


-» 0J 7 ) 


641 ± 87 


641 ± 87 


r(a 


P7) 


3.0 ±1.0 


3.0 ± 1.0 



TABLE I: Fitted values of /3a, Pb and Pc together with the 
predicted values of the ratio T((j> — > /o7)/r(</> — > 007) and the 
decay widths of V — > S + 7 and S — > V + 7. Units of Pa, Pb 
and /3c are GeV -1 and those of the decay widths are keV. 
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